Lanthanide-based single-ion magnetic molecules can have large magnetic hyperfine interactions as well as large magnetic anisotropy. Recent experimental studies reported tunability of these properties by changes of chemical environments or by application of external stimuli for device applications. In order to provide insight onto the origin and mechanism of such tunability, here we investigate the magnetic hyperfine and nuclear quadrupole interactions for 159 Tb nucleus in TbPc 2 (Pc=phthalocyanine) singlemolecule magnets using multireference ab-initio methods including spin-orbit interaction. Since the electronic ground and first-excited (quasi)doublets are well separated in energy, the microscopic Hamiltonian can be mapped onto an effective Hamiltonian with an electronic pseudo-spin S = 1/2. From the ab-initio-calculated parameters, we find that the magnetic hyperfine coupling is dominated by the interaction of the Tb nuclear spin with electronic orbital angular momentum. The asymmetric 4f -like electronic charge distribution leads to a strong nuclear quadrupole interaction with significant non-axial terms for the molecule with low symmetry. The ab-initio calculated electronic-nuclear spectrum including the magnetic hyperfine and quadrupole interactions is in excellent agreement with experiment. We further find that the non-axial quadrupole interactions significantly influence the avoided level crossings in magnetization dynamics and that the molecular distortions affect mostly the Fermi contact terms as well as the non-axial quadrupole interactions.
Introduction
Lanthanide-based single-ion magnetic molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] have drawn a lot of attention due to superior magnetic properties, structural compatibility with substrates, and proof-of-concept experiments for magnetic information storage and quantum information science applications. Recently, molecular crystals of dysprosium-based single-ion magnetic molecules have shown magnetic hysteresis above liquid nitrogen temperature 6 and an experimental effective energy barrier over 1000 cm −1 . 7 Especially, double-decker [LnPc 2 ] (Pc=phthalocyanine) single-molecule magnets (SMMs) 10 are shown to form periodic layers on substrates. [11] [12] [13] Furthermore, the terbium (Tb) nuclear magnetic moment was found to be strongly coupled to the electronic degrees of freedom in TbPc 2 SMMs. [14] [15] [16] [17] By taking advantage of a strong hyperfine Stark effect, the Tb nuclear levels in a TbPc 2 SMM have been used for experimental realizations of Rabi oscillations, 8 Ramsey interferometry, 18 and Grover's algorithm 9 within a single-molecule transistor platform.
In TbPc 2 SMMs, one Tb 3+ ion is sandwiched between two approximately planar Pc ligands ( Fig. 1 ). Three different oxidation states (−1, 0, and +1) were experimentally realized. [19] [20] [21] [22] [23] [24] [25] The synthesized TbPc 2 molecules have only approximate D 4d symmetry. The degree of symmetry deviation varies with crystal packing, diamagnetic dilution molecules, or solvent molecules used in synthesis processes.
The 4f 8 electronic configuration of the Tb 3+ ion results in electron spin and orbital angular momentum of S = 3 and L = 3, respectively. When the strong spin-orbit interaction (SOI) is combined with the ligand crystal field (CF), the Tb ion with the total angular in the ground J-multiplet is separated from the first-excited quasi-doublet by ∼300 cm −1 (Fig. 2) , 26, 27 where M J is the total angular momentum projected onto the magnetic easy axis. For neutral TbPc 2 SMMs, one unpaired electron (with spin s = 1/2) is delocalized within the two Pc ligands. This ligand spin interacts with the Tb multiplets and doubles the number of low-energy levels. In addition, this extra electron makes neutral TbPc 2 a Kramers system. The ground doublet can be represented by M J = ±6 coupled to the ligand spin parallel to the Tb angular momentum. The first-excited doublet lies ∼ 8 cm −1 above and it can be represented by M J = ±6 coupled to the ligand spin anti-parallel to the Tb angular momentum (Fig. 2 ). 26 Figure 2 : Schematic illustration of the low-energy electronic-nuclear spectrum for the anionic and neutral TbPc 2 molecules. For the anionic molecule, the electronic ground quasi-doublet |M J = ±6 is well isolated from the first excited quasi-doublet (E ZFS ∼ 300 cm −1 ). For the neutral molecule, the electronic ground doublet |M J = ±6 ⊗|m s = ±1/2 is separated by a gap of ∼8 cm −1 from the first-excited doublet that differs by a relative orientation of the ligand spin and Tb angular momentum. For the anionic and neutral TbPc 2 , the hyperfine interaction with the Tb nuclear spin I = 3/2 splits each state of the electronic ground (quasi)doublet into four states. Here |M I and |m s correspond to the nuclear spin and the ligand spin, respectively. Modified from Ref. 26. 159 Tb nucleus has the natural abundance of 100% and its nuclear spin is I = 3/2. Therefore, the Tb nuclear spin couples to the electronic spin and orbital angular momentum, which splits each electronic state into four states. Since I > 1/2, the nuclear quadrupole interaction must also be present in TbPc 2 SMMs. Taking the ground J = 6 multiplet into account, observed magnetic hysteresis loops were fitted to a simplified model with two parameters such as a magnetic hyperfine coupling constant and an axial nuclear quadrupole parameter. 28 However, there are no ab-initio studies on the nature and mechanism of the magnetic hyperfine and nuclear quadrupole interactions in these SMMs. Density-functional theory cannot be used for such studies because the Tb 3+ ion has large orbital angular momentum as well as almost degenerate 4f orbitals.
Anionic Neutral
Here we investigate the magnetic hyperfine and nuclear quadrupole interactions for anionic and neutral TbPc 2 molecules using ab-initio multirefrence calculations including SOI.
We evaluate the interaction parameters and analyze their physical and chemical origin. We then construct the effective pseudo-spin Hamiltonian from which the electronic-nuclear lowenergy spectrum is found. Our results unambiguously show the necessity of using multireference methods including SOI for the proposed study. Next, we calculate the Zeeman diagram and discuss the role of the magnetic hyperfine and nuclear quadrupole interactions in magnetization dynamics. Finally, we investigate the effect of molecular distortions on these interactions.
Methodology
In the following we use SI units. Quantum-mechanical operators are denoted by hats. Vectors, tensors and matrices are written in a bold font.
Magnetic hyperfine interactions
Consider a non-relativistic electron with a mass m, a linear momentump, and a spinŝ in the presence of a vector potentialÂ N induced by a nuclear spin momentÎ where the nucleus is located at the origin. The microscopic HamiltonianĤ MHf for such an electron can be written as 29Ĥ
where g e is the electronic g-factor, µ B is Bohr magneton, andÂ N =m N × r/r 3 . Herê m N = g N µ NÎ denotes the nuclear magnetic moment, where g N is the nuclear g-factor (that is 1.34267 for Tb), µ N is the nuclear magneton, and r is the position vector of the electron with respect to the nucleus. Keeping only the first-order terms inÂ N , this Hamiltonian can be decomposed into three contributions such aŝ
The first term in Eq. (2) is the paramagnetic spin-orbital (PSO) contribution that describes the interaction between the electronic orbital angular momentumL and the nuclear magnetic
where µ 0 is the vacuum permeability. The second term in Eq. (2) describes the spin dipolar (SD) interaction between the nuclear magnetic moment and the electronic spin moment
Finally,Ĥ FC represents the Fermi contact (FC) interaction between the spin density at the nucleus position and the nuclear magnetic moment
where δ(r) is a three-dimensional Dirac delta function. Note that for a Tb 3+ ion with large orbital angular momentum, the non-relativistic form of magnetic hyperfine operator, Eqs. (2) (3) (4) (5) , is a good approximation. 30 For both the anionic and neutral TbPc 2 SMMs, the energy gap between the electronic ground and excited (quasi)doublets is much greater than the scale of the magnetic hyperfine interaction (∼ 0.1 cm −1 ). Therefore, for the low-energy electronic-nuclear spectrum only the ground (quasi)doublet ( Fig. 2 ) is relevant and it can be represented by a fictitious pseudospin S = 1/2. The pseudo-spin then interacts with the magnetic field produced by the Tb nuclear spin I = 3/2. The effective pseudo-spin Hamiltonian for this magnetic hyperfine interaction can be written as 29Ĥ
where A is the magnetic hyperfine matrix. In order to understand degrees of mixing among |M S , M I levels, it is convenient to rewrite the above using the ladder operatorŝ
where h.c. denotes Hermitian conjugated terms. Here, we introduce complex parameters that are combinations of elements of the A matrix
For pseudo-spin S = 1/2, the eigenvalues of the effective pseudo-spin Hamiltonian, Eq. (6), are analytically known, 29 and so they can be mapped onto the eigenvalues of the microscopic Hamiltonian, Eq. (2), obtained from the ab initio methods, in order to evaluate the A matrix. 30, 31 We can determine only the magnitude of the matrix elements because the eigenvalues of Eq. (6) are expressed in terms of the elements of (AA T ) tensor:
where α, β = x, y, z andĥ α MHf ≡ ∂Ĥ MHf /∂Î α . The summation runs over the ab initio electronic ground (quasi)doublet (i = 1, 2).
Nuclear quadrupole interactions
A nucleus with I > 1/2 has a nonzero quadrupole moment which interacts with an electricfield gradient at the nucleus position. The electric-field gradient operatorV αβ is given by 32 where Φ is the electrostatic potential produced by the electronic charge density and other nuclei at the position of the nucleus of interest. The quadrupole interaction can be described by the following effective Hamiltonian: 29
where P is the nuclear quadrupole tensor. The components of P are related to the expectation value ofV αβ over the ab-initio electronic states by the following:
where Q is the quadrupole constant that for Tb nucleus is 1432.8 mbarn. 33 In order to understand the amount of mixing among different |M I levels, we rewrite Eq. (12) using the ladder operators such aŝ
where complex quadrupole parameters are
Computational details
The ab initio calculations are performed using the MOLCAS quantum chemistry code (version 8.2). 34 Scalar relativistic effects are included based on the Douglas-Kroll-Hess Hamiltonian 35, 36 using relativistically contracted atomic natural orbital (ANO-RCC) basis sets. 37, 38 In particular, polarized valence triple-ζ quality (ANO-RCC-VTZP) is used for the Tb ion, and polarized valence double-ζ quality (ANO-RCC-VDZP) is used for the nitrogen and carbon atoms. Valence double-ζ quality (ANO-RCC-VDZ) is used for the hydrogen atoms.
This choice of the basis set was shown to produce an accurate description of the low-energy electronic levels of TbPc 2 -type molecules. 26 Electronic structure is calculated in two steps. In the first step, in the absence of SOI, for a given spin multiplicity, the spin-free eigenstates are obtained using state-averaged complete active space self-consistent field (SA-CASSCF) method. 39, 40 For the anionic TbPc 2 , the active space consists of eight electrons and seven 4f -like orbitals. For the neutral TbPc 2 , an additional electron and a ligand orbital are included in the active space. We check that inclusion of extra ligand orbitals in the active space does not significantly affect calculated magnetic hyperfine and nuclear quadrupole interaction parameters (see Tables S1 and S2 in the Supporting Information). For the anionic TbPc 2 , we consider only S = 3 configuration that corresponds to the Tb 3+ spin. For the neutral TbPc 2 , depending on whether ligand electron spin is parallel or antiparallel to the Tb 3+ spin, we have two possible values of the total spin of the molecule: S = 7/2 or S = 5/2. Both spin configurations are included in the CASSSCF calculations because they lie close in energy. For a given spin configuration in both the anionic and neutral molecules, we evaluate seven lowest spin-free states (roots) that roughly correspond to seven configurations of eight electrons in Tb 4f -type orbitals. These seven spin-free states are used in the CASSCF state-averaged procedure. In the second step, SOI is included within the atomic mean-field approximation, 41 in the aforementioned spin configurations and spin-free eigenstates, using the restricted active space state-interaction (RASSI) method. 42 The resulting electronic structure agrees well with previous works. 26, 27 Having obtained the electronic structure, we calculate the A matrix according to Eq. (11) by evaluating the matrix elements of PSO, SD, and FC contributions within the ground (quasi)doublet. In MOLCAS version 8.2, only FC and SD contributions are included. 31 Therefore, we implement the PSO term in the MOLCAS code. The main ingredient of the implementation is the evaluation of the one-electron integrals for theL/r 3 operator. This is done by modification of the AMFI module. We test our implementation by calculating the A matrix for CN, NpF 6 and UF − 6 molecules (Table S3 in Supporting Information). As shown, our calculations agree well with the literature. 31, 43 The nuclear quadrupole tensor elements are calculated using Eq. (13) by evaluating the matrix elements ofV αβ between the ground (quasi)doublet. Note that this capability already exists in MOLCAS version 8.2.
Results and Discussion
We consider two TbPc 2 molecules: (1) neutral TbPc 2 with experimental geometry from Ref. It is convenient to present the calculated A matrix and P tensor in the magnetic coordinate system (Fig. 1 ) in which the g matrix for the ground (quasi)doublet is diagonal. The g matrix has only one nonzero eigenvalue for the anionic TbPc 2 molecule. This is expected because the ground quasi-doublet is not a Kramers system. 44 For the neutral TbPc 2 molecule, the g matrix has only one large eigenvalue with very small two other eigenvalues (∼10 −6 ), which can be explained by the fact that the ground doublet is well separated from excited (Fig. 1) in which the g matrix for the electronic ground doublet is diagonal.
doublets. We choose the z axis to point along the eigenvector corresponding to the large eigenvalue. This direction points approximately perpendicular to the ligand planes. For the anionic TbPc 2 , we find g zz = 17.993. This value agrees well with 2g L J = 18 (where g L = 3/2 is the Lande g factor for the S = 3, L = 3, J = 6 multiplet) as expected for the M J = ±J doublet. For the neutral TbPc 2 , we obtain g z = 20.003 which is larger by about two units than the value for the anionic molecule. This difference can be explained by the electronic g factor of the ligand electron. Note that since g xx = g yy = 0, the x and y directions are not well defined. Therefore, it is more convenient to use the complex parameters introduced in Eqs. (7) and (14) . Table 1 shows the calculated elements of the magnetic hyperfine matrix. For both the neutral and anionic molecules, the A zz element is dominant with the other elements being close to zero. This is expected for large uniaxial magnetic anisotropy. For the entire J = 6 groundmultiplet the A matrix is isotropic as long as interactions with higher multiplets can be neglected. 29 Projection on the ground doublet (with a pseudo-spin S = 1/2) would then result in the interaction of the form A zz I z S z . This is, indeed, the case as long as we use coordinate system in which the A matrix is diagonal. The presence of nonzero A xz and/or A yz elements is due to a slight misalignment between the z axes of the g matrix and A matrix coordinate systems. However, A xx , A xy , and A yy terms still remain zero because g xx = g yy = 0. For the anionic molecule, this misalignment is caused by the interaction of the J = 6 ground-multiplet with higher multiplets. 29 In the case of the neutral molecule, the interaction between the unpaired ligand spin and the ground-multiplet also contributes to this misalignment. Note that the sign of the A zz is undetermined in our calculations.
Magnetic hyperfine interaction
Overall, the calculated A zz value is about 6000 MHz. In order to understand the origin of such strong hyperfine coupling, we compare PSO, SD and FC contributions to A zz against its total value. See Figure 3 . For both molecules, the PSO contribution is dominant due to the presence of the large Tb orbital angular momentum. Both the SD and FC terms have opposite contributions to the PSO term. The SD contribution is much smaller than the PSO part but still significant. The PSO and SD contributions are similar for the neutral and anionic molecules. However, the FC term differs strongly between different TbPc 2 (Fig. 1 ) in which the g matrix for the electronic ground doublet is diagonal.
molecules. For the neutral molecule, the FC contribution is negligibly small (< 0.1 MHz).
On the other hand, for the anionic molecule, the FC contribution is ≈150 MHz. The fact that the FC is smaller than the PSO and SD contributions is not surprising, since the spin density is carried by 4f -like orbitals which have zero spin density at the Tb nucleus position. The FC contribution requires hybridization between 4f -like and s-like orbitals.
Such hybridization would be stronger for the less symmetric anionic molecule, which likely explains a significantly larger FC term for this system. Note that the core-polarization effects are not included in our calculations, and therefore, the FC is expected to be somewhat underestimated. Nevertheless, for Tb 3+ ion, this effect is expected to be much smaller than the PSO and SD terms. 29 Nuclear quadrupole interaction Table 2 shows the calculated elements of the traceless nuclear quadrupole tensor. We obtain a strong quadrupole interaction with P zz approaching 300 MHz. This is a result of orbital angular momentum carrying asymmetric 4f charge distribution which creates a large electricfield gradient at the Tb nucleus. Indeed, we check that the replacement of the Tb ion by a Gd 3+ ion (L = 0) results in a much smaller electric-field gradient. The diagonal P zz parameter is similar for the neutral and anionic TbPc 2 . However, the off-diagonal elements (P 1 and P 2 ) differ significantly between the two TbPc 2 molecules due to different degrees of the structural deviations from the D 4d symmetry. For the neutral TbPc 2 , the magnitudes of P 1 and P 2 are less than 5 MHz. On the other hand, for the anionic TbPc 2 , these parameters 
Electronic-nuclear energy spectrum
Having calculated the elements of the A matrix and P tensor for the electronic ground doublet, we now calculate the low-energy electronic-nuclear spectrum of TbPc 2 . Figure 4 shows the energy levels calculated by diagonalizing the effective pseudo-spin Hamiltonian for the magnetic hyperfine interaction [Eq. (6) ] with and without the nuclear quadrupole 8, 15, 28 Table 3 compares the experimental relative energy levels 8 with our calculated values for the neutral and anionic TbPc 2 molecules. Note that this approach is favorable over direct comparison between the theoretical and experimental interaction parameters. In the fitting to the experimental data, a less general Hamiltonian with only two parameters was used. 8, 15, 28 The calculated energy levels are similar for the neutral and anionic molecules. In both cases, the calculated values agree well with experiment. This indicates that our methodology is capable of an accurate quantitative description of the electronic-nuclear spectrum of Tb-based SMMs.
The spectrum of the anionic and the neutral molecules are similar even though the two molecules have significantly different off-diagonal P tensor elements. This indicates that the transverse quadrupole parameters do not have a large effect on the energy levels. These parameters, however, mix states with different M I . As a result, the electronic-nuclear states are not pure |M S , M I states and the notation in Fig. 4 is only approximate. The mixing is illustrated in the Supporting Information (Tables S4 and S5) where the eigenvectors of the effective pseudo-spin Hamiltonian are shown for the neutral and anionic TbPc 2 , respectively.
The mixing is significantly stronger for the asymmetric anionic molecule with larger offdiagonal P-tensor elements. The mixing plays an important role in magnetization dynamics (see below).
Zeeman diagram
In order to investigate the role of hyperfine and quadrupole interactions on magnetization dynamics we calculate Zeeman diagram that shows the evolution of electronic-nuclear energy levels as a function of external magnetic field along the z axis (B z ) for the anionic TbPc 2 molecule. The magnetic field is included by considering the Zeeman pseudo-spin Hamiltonian H Z = µ B B z g zzŜz . Since the anionic molecule is an even-electron system, the ground quasidoublet has a small tunnel splitting attributed to the transverse CF. This tunnel splitting is crucial for a description of magnetization dynamics because it mixes states with M S =↑, ↓ levels, and allows tunneling between different electronic-nuclear levels. For the pseudo-spin S = 1/2, the transverse CF can be described byĤ TS = ∆ TSŜx , 29, 44 where ∆ TS is the tunnel splitting i.e., the energy splitting between the lowest electronic quasi-doublet. The value of ∆ TS depends crucially on the details of TbPc 2 structure. 26 In particular, for the asymmetric anionic TbPc 2 of interest, ∆ TS is as large as ∼140 MHz. The full effective pseudo-spin magnetic field breaks the zero-field two-fold degeneracy. At certain magnetic field values, the levels with opposite M S cross. For positive fields, these crossing points are denoted by black circles in Fig. 5 . Zooming the area around the crossing points reveals that the levels do not actually cross and there is a finite gap between them (see zoom-ins on the right of Fig. 5 ). We have, thus, avoided level crossings (ALCs). At positive fields, there are six such ALCs. The magnetic field value B ALC and the width of the gap ∆E ALC for each of these ALCs are shown in Table 4 . In addition, Table 4 ↑ M I |Ĥ eff |↓ M ′ I = 0 and, therefore, we need to take into account the mixing between the states with different M I . Using perturbation theory, it can be shown that for |∆M ALC | = 1, the ALC gap is controlled by terms like
Note that in this case the denominators are significantly larger but since, for the anionic TbPc 2 , |P 2 | > |P 1 |, the corresponding ∆E ALC is still larger than for |∆M ALC | = 1.
ALCs are essential for low-temperature magnetization dynamics of TbPc 2 SMMs. The ALC gap determines the tunneling probability between different electronic-nuclear levels as the magnetic field is swept with a fixed rate |dB z /dt|. The probability is given by the Landau-Zener formula 45
Clearly, the tunneling probability is the largest for ALCs with the largest ∆E ALC that is 
Effect of geometry distortion
In previous sections, we demonstrate that the transverse quadrupole parameters for the TbPc 2 molecule can vary significantly depending on differences in molecular structures. In order to investigate the effect of molecular distortion on hyperfine interactions in a more systematic manner we apply five types of ligand distortions to the anionic TbPc 2 , as shown in Table 5 shows the hyperfine and quadrupole parameters, electronic-nuclear energy levels as well as tunnel splittings calculated for the five types of distortions of the anionic TbPc 2 molecule. We find that the PSO and SD contributions to A zz are insensitive to molecular distortions. On the other hand, the FC term shows significant variation under considered distortions which is primarily responsible for the changes of A zz in Table 5 . In particular, the FC term increases for types I, II and III resulting in a decrease of the total A zz since FC term is opposite to the dominant PSO contribution. For types IV and V, the FC term is reduced and the total A zz value is enhanced. This result indicates that a potential route for an external control of the magnetic hyperfine interactions of the Tb nucleus in the Tb-based SMMs should involve modification of the FC contribution.
The diagonal quadrupole parameter P zz shows considerable variation under geometry distortions. This parameter is responsible for non-equidistant electronic nuclear spectrum which is crucial for an efficient readout of nuclear spin. 8, 15 For type III, the ligands are pulled away from the Tb ion reducing the hybridization between the 4f -like states and ligand orbitals. This increases the electric-field gradient at the Tb nucleus position and enhances P zz . On the other hand, for types I, II and IV, the distortion increases hybridization of the Tb-ligand hybridization and reduces P zz . Type V does not significantly affect the hybridization and, therefore, only a small change of P zz is found.
Transverse quadrupole parameters are strongly affected by geometry distortions. In particular, for types I and II, |P 1 | increases by an order of magnitude. As a result, the gap of |∆M ALC | = 1 ALCs is significantly enhanced ( Table S6 in the Supporting Information) . This enhancement is, however, reduced by a decrease of ∆ TS under type I and II distortions (Table 5 ). In fact, using ∆ TS for the undistorted anionic TbPc 2 structure, we obtain even larger |∆M ALC | = 1 ALC gap for types I and II distortions (Table S7 in Supporting Information). Therefore, magnetization tunneling processes can significantly increase for certain structural distortions.
Conclusions
We investigate magnetic hyperfine and nuclear quadrupole interactions for 159 Tb nucleus in TbPc 2 SMMs using multireference ab initio calculations including SOI and the effective pseudo-spin Hamiltonian method. The key findings are as follows:
• The strong uniaxial magnetic hyperfine interaction (A zz ∼ 6000 MHz) is dominated by the PSO mechanism.
• Different experimental geometries have similar PSO and SD contributions to the magnetic hyperfine interaction, whereas the FC term shows a strong dependence on details of molecular geometry and becomes significant for less symmetric molecules.
• Asymmetric 4f charge distribution leads to a large diagonal quadrupole interaction (P zz ∼ 300 MHz). For less symmetric molecular geometries, the transverse quadrupole parameters become significant.
• The electronic-nuclear spectrum obtained by diagonalization of the effective pseudospin Hamiltonian is in excellent agreement with experiment.
• The analysis of the calculated Zeeman diagram for the asymmetric anionic TbPc 2 molecule reveals that transverse quadrupole parameters allow for magnetization tunneling processes that do not conserve nuclear spin.
• We demonstrate that small distortions of molecular geometry can affect hyperfine parameters with strong sensitivity of transverse quadrupole parameters to details of the molecular structure.
Synopsis
Hyperfine interactions for 159 Tb nucleus in TbPc 2 single-molecule magnets are investigated from first principles using multireference calculations. Strong nuclear quadrupole and magnetic hyperfine coupling are found with the latter being dominated by the paramagnetic spin-orbital mechanism. We construct an ab initio pseudo-spin Hamiltonian and obtain the electronic-nuclear spectrum that is in excellent agreement with experiment. The Zeeman diagram is calculated and the magnetization dynamics is discussed. The effects of molecular distortions are studied.
